Activated persulfate (Na 2 S 2 O 8 ) regeneration of methyl tert-butyl ether (MTBE) and chloroform-spent GAC was evaluated in this study. Thermal-activation of persulfate was effective and resulted in greater MTBE removal than either alkaline-activation or H 2 O 2 -persulfate binary mixtures. H 2 O 2 may serve multiple roles in oxidation mechanisms including Fenton-driven oxidation, and indirect activation of persulfate through thermal or ferrous iron activation mechanisms. More frequent, lower volume applications of persulfate solution (i.e., the persulfate loading rate), higher solid/solution ratio (g GAC mL −1 solution), and higher persulfate concentration (mass loading) resulted in greater MTBE oxidation and removal. Chloroform oxidation was more effective in URV GAC compared to F400 GAC. This study provides baseline conditions that can be used to optimize pilot-scale persulfate-driven regeneration of contaminant-spent GAC.
Introduction

MTBE
Methyl tert-butyl ether (MTBE), a widely used gasoline additive, is found in numerous groundwater and surface water reservoirs across the U.S. [1] . MTBE is mobile and persistent in the environment due to its high aqueous solubility (51.0 g L −1 , 25 • C), low Henry's constant, and biorecalcitrance. These properties contribute to the difficulty and expense in treating MTBE-contaminated water. The US EPA advisory for MTBE in drinking water to control levels that prevent adverse taste and odor (i.e., 20-40 g L −1 ) [2] . MTBE concentrations in ground water near the point of origin (i.e., source area) may be orders of magnitude higher due to the high aqueous solubility of MTBE in water and the high MTBE content in spilled ଝ The U.S. Environmental Protection Agency, through its Office of Research and Development, funded and managed the research described here. It has not been subjected to Agency review and therefore does not necessarily reflect the views of the Agency, and no official endorsement should be inferred.
gasoline. Treatment of MTBE-contaminated water is often achieved using granular activated carbon (GAC) adsorption.
Chloroform
Chlorination of source water is used to control microbial contaminants in drinking water. However, this treatment process may result in the formation of disinfection byproducts (DBPs) from the reaction between chlorine and natural organic matter. Trihalomethanes are one form of DBPs and includes chloroform. The US EPA regulates total trihalomethanes (i.e., chloroform, bromoform, bromodichloromethane, and dibromochloromethane) in drinking water and the maximum allowable annual average level is 80 ppb. Chloroform has the highest solubility in water of the four THMs, is usually present in the highest concentration, and is often removed by GAC.
Granular activated carbon (GAC) regeneration
GAC is one option used in water treatment to remove MTBE and other environmental contaminants. Once the GAC is saturated with the contaminant (i.e., "spent"), it is regenerated and placed back in service (i.e., reused), replaced with virgin GAC, or disposed as a solid waste. Chemical regeneration is an alternative to the conventional thermal regeneration process. The objectives of the treatment process are to transform adsorbed contaminants into less toxic byproducts, reestablish the sorptive capacity of the GAC for the target chemical(s), increase the useful life of the GAC, and reduce costs for GAC regeneration used in water and air treatment. Fenton-driven regeneration of GAC has been successfully demonstrated [3] [4] [5] [6] .
Persulfate activation
Sodium persulfate (Na 2 S 2 O 8 ), another strong oxidant, can also be used to degrade a wide range of environmental contaminants and to regenerate GAC [7] . Activated persulfate reactions form sulfate radicals (·SO 4 − ) which are a more powerful oxidant (2.4 V) than persulfate (2.1 V) [8] and provide a free radical reaction mechanism. Both thermal and chemical activation of persulfate can be used to form ·SO 4 − (R1)-(R3). − (R1) that may oxidize organic compounds [9] [10] [11] [12] .
For example, the MTBE reaction rate constant during persulfate oxidation increased with temperature (1.
, and reaction intermediates, tert-butyl formate, tert-butyl alcohol (TBA), acetone, and methyl acetate, were also oxidized [9] . Similar observations have been reported regarding thermally activated persulfate and VOC oxidation [10, 12] . Reduced transition metals, including ferrous iron (Fe +2 ) can activate persulfate (R2) to form ·SO 4 − and effectively degrade dichlorophenol [13] and TCE in homogeneous systems [14] and GAC [7] , and BTEX in soil [15] . Limited TCE oxidation was measured using unactivated persulfate, indicating the importance of persulfate activation. Unlike the Fenton mechanism, Fe 2+ activation of persulfate does not involve a ferric iron (Fe 3+ ) reduction mechanism, and therefore, a continual source of Fe 2+ is required. Under this condition, an excessive accumulation of iron may result [7] and would likely contribute to blockage of sorption sites and intraparticle MTBE and oxidant mass transport limitations [4] . The role of hydrogen peroxide (H 2 O 2 ) in a binary mixture of H 2 O 2 and persulfate is poorly understood and not well documented. In one soil study, a H 2 O 2 -persulfate soil slurry resulted in greater contaminant oxidation [16] . However, due to the lack of appropriate controls (i.e., H 2 O 2 -only) and high concentrations of Na 2 S 2 O 8 (11.5 g L −1 ) and H 2 O 2 (59 g L −1 ), it was not possible to assess whether H 2 O 2 activated the persulfate or whether H 2 O 2 was indirectly involved in other contaminant fate mechanisms. For example, possible roles of H 2 O 2 include: (i) Fenton-driven oxidation of MTBE resulting from the reaction of H 2 O 2 with background Fe in the soil and formation of ·OH, (ii) exothermic H 2 O 2 reactions followed by an increase in temperature and thermal-activation of persulfate, and (iii) Fenton-driven reduction of Fe(III) to Fe(II), and subsequent Fe(II)-activation of persulfate.
Results from alkaline-activated persulfate studies are variable. Increased reductions in contaminant concentration were achieved in one study by increasing the mass of KOH [16] . Alkaline activation (pH 11-12) of persulfate using NaOH and oxidation of carbon tetrachloride in soil and groundwater showed better results than other activation methods [17] . Conversely, it was the least efficient activation method used to degrade BTEX in soil [15] , and when used in conjunction with thermal activation (40 • C, pH 10-12.5), a decline in the MTBE oxidation rate constant was measured [9] . A recommended guideline for alkaline-activation includes a pH range of 10.5-12 using NaOH amendment [18] .
Objectives
The objectives of this study were to investigate process parameters that impact persulfate-driven oxidation of MTBE-spent GAC. These parameters include thermal-and alkaline-activation, and binary mixtures of H 2 O 2 and persulfate, persulfate loading rate, persulfate concentration (i.e., mass loading), GAC type, and the solid/solution ratio. These process optimization results were subsequently used to assess the potential feasibility of regenerating chloroform (CF)-spent GAC.
Methods and materials
The GAC (URV, 8 × 30 mesh, Calgon Carbon Corp., Pittsburg, PA) was derived from bituminous coal and activated in a manner to minimize H 2 O 2 reactivity [19] . The GAC was rinsed with de-ionized (DI) water, dried in an oven at 105 • C and stored in a dessicator until used. The feasibility of regenerating chloroform (CF)-spent GAC was investigated using another type of GAC (F400, 8 × 30 mesh, Calgon Carbon Corp., Pittsburg, PA). The CF-spent GAC was produced at a water treatment facility where the post-GAC treated lake water contained small amounts of natural organic matter (NOM), forming CF upon chlorination (i.e., disinfection byproducts (DBPs)).
MTBE and chloroform adsorption
The MTBE adsorption step was performed by amending the MTBE solution (0.12 L, 1.86-1.95 mg L −1 ) to water-saturated GAC (5 g GAC, 10 mL DI water) in 250 mL Erlenmeyer flasks wrapped in aluminum foil and parafilmed. The post-sorption MTBE solution was sampled in replicate after equilibrium (>3 d) and analyzed. Post-sorption MTBE concentrations ranged from 18 to 39 g L −1 yielding approximately 44.9 mg MTBE kg GAC −1 . Differences between initial and final concentrations were used to determine the mass of MTBE adsorbed to the GAC. Approximately 20 mL of the remaining solution (40 mL) was decanted prior to the addition of the oxidant solution. Pre-and post-oxidation MTBE in GAC was measured by extracting GAC (∼1 g) in 10 mL of methanol (MeOH) and analyzing the extract for MTBE.
The CF-spent F-400 GAC received in a sealed vessel from the water treatment plant was stored in a cold room (5 • C) until used. The wet GAC was homogenized in the cold room to minimize volatile losses, and transferred to 20 mL VOA vials. Test reactors were amended with DI water (2 mL) and immediately sealed with a two-way (mini-inert) valve cap which served as the test reactor. In addition to the CF-spent GAC, CF was also amended to URV GAC to assess whether the type of GAC used in chemical regeneration affected CF oxidation in GAC. The CF stock solution (40 mL, 15 mg L −1 ) was added to VOA vials (40 mL) containing URV GAC (1 g). The post-sorption CF solution was sampled after equilibrium (>3 d) and analyzed. Differences between the initial and final CF concentrations were used to determine the mass of CF on the GAC. The CF-amended GAC (1 g) was used in test reactors, amended with DI water (2 mL), and sealed with a two-way (mini-inert) valve cap which served as the test reactor.
Reactor conditions 2.2.1. Temperature
Separate reactors were used to assess the role of temperature (25, 35, 45 , and 55 • C) in thermal activation of persulfate and MTBE oxidation. Constant temperature was maintained in a temperaturecontrolled shaking water bath (Cole Parmer, Vernon Hills, IL).
Persulfate loading rate
The same volume (19.5 mL) and concentration (40 g L −1 ) of Na 2 S 2 O 8 solution was added to each reactor (55 • C) using two loading rates. The "high-loading rate" method involved the application of 6.5 mL of the persulfate solution per day for 3 sequential days (19.5 mL total volume, 40 g L −1 ), and the "light-loading rate" involved the same volume and concentration, but at higher application frequency and lower volume (0.5 mL/5 min). The light-loading rate was used in experiments involving CF-spent, F400 GAC, and CF-amended, URV GAC.
Solid/solution ratio
The initial solid/solution ratio (mass GAC (g)/volume solution (mL)) was varied to assess the role of persulfate reaction (19.5 mL; 40 g L −1 Na 2 S 2 O 8 ; 55 • C) in the bulk solution (i.e., aqueous solution overlying the saturated GAC in the reactor). The high solid/solution ratio involved 20 mL of post-sorption solution and 5 g of GAC (high solid/solution = 0.25 g mL −1 ). In the high solid/solution condition, the liquid level was approximately at the surface of the GAC prior to persulfate amendment and MTBE oxidation. In the low solid/solution condition, 50 mL of post-MTBE solution remained with 5 g GAC (low solid/solution = 0.1 g mL −1 ). The latter condition exhibited greater bulk solution.
pH
The effect of pH was evaluated by varying the pH from 4 to 11. Sodium hydroxide (NaOH) (0.1, 1, and 5 M) was used to adjust the pH. The ambient pH of GAC in water (initial pH 5.2-5.4) was allowed to vary without pH modification to assess the extent of pH change from oxidation.
H 2 O 2 /Na 2 S 2 O 8 binary treatment system
The H 2 O 2 -Na 2 S 2 O 8 binary treatment system was evaluated using two persulfate and H 2 O 2 concentration combinations, and a constant Na 2 S 2 O 8 :H 2 O 2 molar ratio of 1:31. The "full-dosage" case involved 40 g L −1 Na 2 S 2 O 8 (0.5 mL/5 min) with 30% H 2 O 2 (0.29 mL/5 min); the "half-dosage" case involved similar applications but at 20 g L −1 Na 2 S 2 O 8 and 15% H 2 O 2 .
Persulfate concentration
Equal volumes (19.5 mL) and different concentrations (10, 20, 40 , and 60 g L −1 ) of Na 2 S 2 O 8 were added to each reactor at the same loading rate (0.5 mL/5 min) and temperature (55 • C).
Sampling
The MTBE and CF stock solution was sampled (5×), and the post-sorption solution was sampled from each reactor before persulfate was applied. Post-oxidation solution samples (2×) were collected ∼3-4 days after oxidation was complete. GAC samples (2×) were collected (after 3-4 days), extracted, and analyzed to quantify post-oxidation contaminant concentrations in the GAC. Methanol (10 mL) was added to wet GAC (∼3 g) to extract contaminants from GAC. The aqueous samples were analyzed by gas chromatography (GC). The GAC-methanol slurry was sonicated for 3 min, centrifuged, and the methanol extract was analyzed by GC with mass spectroscopy (MS).
Analytical
Aqueous and solid GAC phase inorganic and organics analyses
The analysis of GAC for inorganics and organics (MTBE, CF), and analysis of water for organics (MTBE, CF) is described in detail in the Supporting Information section.
H 2 O 2 , Na 2 S 2 O 8 , pH
Filtered samples (0.2 m) were measured for H 2 O 2 (n = 3) using a modified peroxytitanic acid colorimetric procedure [20] with a detection limit of 0.1 mg L −1 . The TiSO 4 reagent was from Pfaltz and Bauer Inc., and the H 2 O 2 (30% wt. solution in water, reagent grade) was from Aldrich. A spectrophotometric method was used for analyzing the persulfate concentration. Filtered reaction solutions (0.2 m) were measured for Na 2 S 2 O 8 . Samples were prepared by placing 0.1 mL of reaction solution in a 20 mL vial. Subsequently, 0.9 mL of DI water, 10 mL of 2.5 N H 2 SO 4 solution, and 0.1 mL of 0.4 N ferrous ammonium sulfate solution were added. The contents were mixed and allowed to react (40 min) after which a H 4 SCN solution (0.2 mL; 0.6 N) was added, and the absorbance was measured with a spectrophotometer ( = 450 nm) [9] . The slurry pH was measured using an Orion Sure-Flow ROSS Combination pH probe.
Results and discussion
Temperature
Greater MTBE transformation and removal from GAC was measured at higher temperatures (Fig. 1) . The average (n = 3) persulfate anion pseudo-first order reaction rate constant was temperaturedependent: 0.13, 0.18, 0.46, and 0.78 min −1 (0.95 ≤ r 2 ≤ 0.99) at 25, 35, 45, and 55 • C, respectively. The rate constant declined with each successive application of persulfate (Fig. 2, see insert) . Although relatively consistent results of persulfate thermolysis have been reported under homogeneous, neutral and acid-catalyzed conditions [21] , these results suggest that a reaction mechanism other than thermal activation played a role. For example, background Fe (1020 mg kg −1 ) [4] and/or functional groups associated with the GAC surfaces may also have caused persulfate reaction. Persulfate reaction and TCE oxidation in GAC under ambient temperature (25 • C) suggests that GAC catalysis of S 2 O 8 2− is caused by, at least partially, non-thermal means of activation [7] . It has been proposed that oxygen functional groups on the GAC may act as an activator 2− diffusive transport, (3) MTBE diffusive transport outward through the quiescent film, and S2O8 2− diffusive transport from the bulk solution through the quiescent film into the GAC pores, and (4) MTBE and S2O8 2− mixing in bulk solution. Thermal activation of persulfate, ·SO4 − formation, and oxidation of MTBE by ·SO4 − occurs in bulk solution, thin film, and within the pores of the GAC particle.
of the electron-transfer mechanism involving S 2 O 8 2− reaction and formation of organic and ·SO 4 − [7] . The decline in S 2 O 8 2− in successive applications may also be due to the oxidation and alteration of the functional groups in GAC, and conversion to non-reactive forms similar to results reported in Fenton-driven regeneration of GAC [3, 22] .
During persulfate oxidation regeneration of spent GAC, contaminant mass transfer and mass transport involves the following steps: (1) desorption from solid to liquid phase, (2) diffusive transport within the pores involving pore and surface diffusion, (3) diffusive transport through a quiescent film surrounding the particle, and (4) advective transport into the bulk solution [23] (Fig. 2) 2− penetrated the outer-most differential volume at both 25 and 55 • C, however, deeper penetration into the GAC particle was significantly limited. S 2 O 8 2− concentrations were higher, persisted longer, and penetration was greater at 25 • C than 55 • C, but overall, concentrations were less than 5% of the initial concentration in the mid and inner spherical shells. Results suggest that contact between MTBE and ·SO 4 − and/or S 2 O 8 2− requires MTBE desorption and outward diffusion from the GAC interior to the GAC exterior. The rates of MTBE desorption and diffusion are thermally dependent explaining why greater MTBE oxidation was measured at higher temperature [6] .
Persulfate loading rate
The light-loading rate of persulfate (0.5 mL/5 min; 19.5 mL total volume; 40 g L −1 Na 2 S 2 O 8 ) enhanced MTBE removal compared with the heavy-loading rate (3 applications of 6.5 mL; 19.5 mL total volume; 40 g L −1 Na 2 S 2 O 8 ), suggesting that ·SO 4 − concentration was not the limiting factor (Fig. 1) . The diluted persulfate concentration in the test reactor ranged higher in the heavyloading rate case (5.3-7.1 g L −1 ) than in the light-loading rate case (0.4-0.66 g L −1 ); therefore, the ·SO 4 − production and reaction rates were faster. The first-order reaction rate kinetics ( Fig. 1) 
Solid/solution ratio
The solid/solution ratio is the mass of GAC (g) relative to the volume of solution (mL) in the test reactor. In heterogeneous oxidation systems involving a GAC suspension in solution, thermal activation of persulfate, and the formation and reaction of ·SO 4 − can occur in the aqueous phase found in both the GAC pores and in the bulk solution (Fig. 2) . Assuming limited MTBE mass transfer and/or mass transport, and low MTBE concentration in the bulk solution, ·SO 4 − formation and reaction in the bulk solution may occur in the absence of MTBE and represent a source of inefficiency. The higher solid/solution ratio improved MTBE removal under thermalactivation conditions (Fig. 1) . MTBE concentrations are limited in Na2S2O8 + 15% H2O2; full dosage 40 g L −1 Na2S2O8 + 30% H2O2. The Na2S2O8 and H2O2 were applied at 0.5 mL/5 min and 0.29 mL/5 min. the bulk solution (i.e., above the GAC layer) due to both intraparticle diffusive mass transport limitation and rapid MTBE oxidation. ). Therefore, process optimization would include both a high solid/solution ratio and a low loading rate to minimize this potential source of process inefficiency.
pH
Under the ambient conditions where pH was not controlled, a strongly acidic pH (pH < 3) resulted within 45 min, eventually reaching pH 2.3, and limited MTBE removal (7.1%) was measured (Fig. 3) . Moderate improvement of MTBE removal was measured over ambient conditions when NaOH was added to maintain the pH of the GAC slurry in the ranges of pH 3.5-4.5 and 6.5-7.5. Under alkaline-activated conditions, where NaOH was used to adjust the pH, only minor increases in MTBE removal were measured relative to the ambient case. These results appear to be consistent with non-productive reactions under highly acidic and alkaline conditions (R4)-(R8). In other studies, both acidic (pH < 3) and alkaline (pH > 10) homogeneous conditions, acid and hydroxide catalyzed persulfate reactions (R4)-(R8) [24,25 and Although these scavenging reactions may yield hydroxyl radicals (·OH), this strong non-specific oxidant is also vulnerable to scavenging by various reactants including SO 4 2− , an abundant specie in persulfate oxidation systems [9, 25] .
The pH at point of zero charge (pH PZC ) is the pH at which positive and negative surface charges are equal and the GAC surface has a net charge of zero. The pH PZC of the untreated URV GAC is 5.5 [6] . In the alkaline-activated GAC, the solution pH (pH 11-12.5) was pH PZC resulting in a net negative surface charge on the GAC that attracted cations from solution (i.e., Na + ). Significant post-oxidation accumulation of Na was measured in the GAC ([Na] = 24 g kg −1 , n = 4), relative to untreated GAC ([Na] = 0.7 g kg −1 ). In this condition, a diffuse layer of Na + , either adsorbed to the GAC surface or weakly associated with the GAC surface, may have contributed to a condition where diffusive transport and reaction of the divalent S 2 O 8 2− anion in the GAC was limited by electrostatic interaction at the GAC surfaces.
Oxidation of TCE was most effective in the near-neutral pH range (pH 7) in an unactivated persulfate treatment system at ambient temperatures (10, 20 , and 30 • C) [25] . However, the MTBE reaction rate (1.75 × 10 4 -3.05 × 10 4 s −1 ) was inversely proportional with pH (2.4-10.9) in a thermally activated (40 • C) treatment system [9] . Given the pH-dependency of individual contaminants, in conjunction with different persulfate activation agents, geochemical conditions, and unique combinations of the reactants and experimental conditions, the optimal pH for contaminant oxidation appears to be site-specific and variable.
H 2 O 2 /Na 2 S 2 O 8 binary treatment system
In the H 2 O 2 -activated, half-dosage case (20 g L −1 Na 2 S 2 O 8 ; 15% H 2 O 2 ), no significant improvement was measured over the ambient case (Fig. 3) . However, a significant increase was measured in the full-dosage cases (40 g L −1 Na 2 S 2 O 8 ; 30% H 2 O 2 ). In control reactors containing a homogeneous solution of H 2 O 2 (6 mM) and Na 2 S 2 O 8 (5.6 mM), the reaction of Na 2 S 2 O 8 (k = 0.52 day −1 ) was highly limited relative to Na 2 S 2 O 8 in GAC (Fig. 2, see inset) suggesting negligible activation by H 2 O 2 . Under these experimental conditions, other mechanisms in MTBE transformation appeared to play a role including, (i) Fenton-driven oxidation of MTBE, (ii) Fenton-driven formation of ferrous iron intermediate, a known activator of persulfate, and/or (iii) thermal activation of persulfate resulting from H 2 O 2 exothermic reactions.
Persulfate concentration (persulfate mass loading)
MTBE oxidation and removal from GAC increased with the Na 2 S 2 O 8 dosage (Fig. 4) . However, the oxidation efficiency (i.e., MTBE removed/persulfate reacted) decreased with increasing concentration. This is attributed to slow intraparticle MTBE desorption and diffusion from the GAC, in conjunction with S 2 
Oxidation regeneration of chloroform-spent GAC
The average CF concentration was 0.34 mg CF/g GAC (n = 15, 95% confidence interval 0.32-0.36 mg CF/g GAC) in the F400 GAC, and 0.40 mg CF/g GAC (n = 5, 95% confidence interval 0.37-0.43 mg CF/g GAC) in the URV GAC. CF loss due to non-oxidative fate mechanisms was negligible in control reactors (n = 5) involving two-way, mini-inert valve cap vials. Chloroform removal was limited in the F400 GAC despite aggressive persulfate mass loading (Fig. 5) . Significantly greater CF removal was measured in the URV GAC than in the F400 GAC.
URV GAC has greater surface area, pore volume and fraction of meso + macropore volume than the F400 (Table 1) . Greater surface area would contribute to faster mass transfer of CF from GAC surfaces. Greater pore volume and larger pores would contribute to fewer chemical interactions between the aqueous solute(s) and GAC surfaces allowing unimpeded intraparticle diffusion transport of CF and S 2 O 8 2− . Functional groups found at the edges and surfaces of graphene planes in GAC can be characterized based on oxygen content. Basic surface oxide (BSO) functional groups have low oxygen content, exhibit anion exchange capacity, are highly reactive with H 2 O 2 , and are non-productive (i.e., do not yield ·OH in Fenton systems) [26] . Assuming a similar mechanism where persulfate is consumed and ·SO 4 − are not produced, BSOs may also be a limiting factor in persulfate-driven regeneration of GAC. In contrast, acidic surface oxide (ASO) functional groups have high oxygen content, exhibit a cation exchange capacity, and are non-reactive with H 2 O 2 . F400 had a higher BSO content than URV (Table 1) ; this may have contributed to process inefficiency. It is noted that oxidative and/or acidic treatment of GAC alters BSOs to form ASOs. Consequently, modification of the GAC surfaces during oxidative treatment would lower the BSO content, reducing and/or eliminating this source of process inefficiency [22] . Evidence of this mechanism is suggested by the decline in persulfate reaction rates resulting from successive applications of persulfate (Fig. 2, see inset) . The CF-spent F400 GAC may have contained residual NOM that was not fully removed in the upstream treatment units at the water treatment plant designed to remove NOM (i.e., chlorination, alum precipitation, primary GAC treatment, and chlorination). Consequently, the roles of GAC type and NOM on CF removal under these two conditions cannot be fully differentiated. However, results are consistent with a screening study conducted in our laboratory involving 30 commercially available GAC types where contaminant removal measured in F400 relative to other GAC types, including URV was highly limited (data not included). Overall, results suggest that the GAC properties strongly influence the feasibility of chemical regeneration.
Further improvements
The highest MTBE removal (61.0%) was achieved using thermal activation (55 • C), ambient pH (pH INITIAL ∼ 5.4, pH FINAL < 2.0), light-loading rate of Na 2 S 2 O 8 (0.5 mL/5 min), high persulfate concentration (60 g L −1 ), and high solid/solution ratio (0.25 g GAC mL −1 solution). Further improvement in treatment efficiency may possibly be achieved by (1) maintaining the pH in the acidic to neutral range (i.e., pH 3-7), (2) more frequent, lower oxidant loading rate (i.e., application of smaller volumes of persulfate solution over a longer period of time), (3) periodically wasting solution from the GAC slurry to maintain a high solid/solution ratio, and (4) selection of GAC with appropriate chemical and physical characteristics. Additionally, thermal-activation at higher temperatures (>55 • C) may increase MTBE desorption and diffusive transport and enhance oxidative treatment.
Conclusions
Thermal-activation of persulfate was effective and resulted in greater MTBE removal than either alkaline-activation or binary systems involving H 2 O 2 and persulfate. Greater MTBE oxidation was measured at a lower pH range (pH 3.5-7.5) than under alkalineactivation conditions (pH 11-12.5 The low persulfate loading rate involved more frequent and lower volume applications of Na 2 S 2 O 8 (i.e., "light-loading rate") and was more efficient in MTBE removal than "heavy-loading rate" which involved less frequent applications and larger volumes of Na 2 S 2 O 8 . Greater MTBE removal was measured at a higher solid/solution ratio (i.e., 0.25 g mL −1 versus 0.1 g mL −1 
